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Abstract 
This paper describes the structure and properties of nitrided layers produced on the Inconel 600 alloy (16.5wt%Cr, 9wt%Fe, 
2wt%Mn, 0.4wt%Co, balance-Ni). The characteristics of the nitrided layers at the surface were investigated by microscopic 
examinations, X-ray diffraction analyses, hardness measurements and wear tests. It was found that the diffusion-type chromium 
nitride layer produced on the alloy surface greatly decreased wear rates and slightly increased surface hardness. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
The Ni-base alloys of the Inconel type are an irreplaceable material for applications which require resistance to 
corrosion and heat. The potential use of these alloys is, however, limited by their low hardness, poor wear resistance 
and high coefficient of friction, a disadvantage which can be eliminated by the application of surface hardening 
treatments, such as diffusion (nitriding, boriding, chromizing) and coating (CVD, PVD, thermal spraying) processes 
[1–6]. Recently, there has been increasing interest in nitriding nickel based alloys to increase the service life of the 
industrial components used in wear related applications [4, 5]. In practice, the most common application is 
conventional gas nitriding in an atmosphere of NH3; on the other hand, it is difficult to nitride e.g., Ni and its alloys 
in this way and hence there exists considerable interest in developing a practical methodology. Plasma and pulsed 
plasma nitriding processes have become an accepted alternative to gas nitriding as a low-distortion diffusion 
treatment for enhancing the surface wear properties of steels and Ni-base alloys [5]. These methods permit 
producing the surface with a nitride layer in the near-surface zone of the treated alloy, which increase its hardness 
and resistance to wear and galling [2, 4, 7], and also improve the resistance of the alloy to corrosion [2, 4]. The 
present paper concentrates upon the structure and the possibility of increasing the wear resistance of the nitrided 
layers produced on the Inconel alloy 600. 
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2. Experimental 
The samples cut from commercial Inconel 600 rod with a diameter of 16 mm and the thickness of 5 mm were 
ground up to 1200 grid emery paper, and mechanically polished to a surface finish of 0.02 Pm (Ra). Since it has 
been demonstrated that the nitrided layer thickness of Inconel alloys increases with increasing nitrogen percentage 
in the N2–H2 gas mixture [8], the samples were then plasma and pulsed plasma nitrided in a gas mixture of 75% N2 
and 25% H2 at a constant pressure of 250 Pa. The temperature of the plasma treatment was 450۬C for 12 h, while 
the temperature of the pulsed plasma treatment was 520۬C for 12 h.  
Characteristics of the unnitrided and nitrided samples were investigated by microscopic examinations, X-ray 
diffraction (XRD) analyses, hardness measurements and wear tests. The cross-sectional microstructure of the 
nitrided samples was inspected with an optical microscopy (OM). XRD analyses were performed under CuKĮ 
radiation in thin film mode applied over angular ranges of 2ș= 10°- 90° with a step angle of 3°. Hardness 
measurements were performed on the cross-section of the nitrided samples under indentation load of 25 g. Wear 
performance of the samples were determined by utilizing a reciprocating wear tester. Wear tests were performed 
under sliding distance of 50 m, sliding speed of 0.0128 m sí1, at room temperature (25 °C) and relative humidity of 
about 30% under dry sliding conditions. Wear tests were carried out by rubbing Si3N4 ball having a diameter of 10 
mm to the unnitrided and nitrided surfaces under normal loads of 10 N and 20 N, respectively. During wear testing, 
friction coefficient was continuously recorded. After the wear tests, the wear tracks developed on the surface of the 
samples were analysed by a 2D- profilometer and a Scanning Electron Microscope (SEM). The total wear volume 
was obtained by multiplying the average area of the cross-sectional profiles by the length of the tracks. The wear test 
results were quantified in terms of wear rate (mm3/Nm) by considering the volume of the wear tracks (in the unit of 
mm3), test load (in the unit of N) and total sliding distance (in the unit of m).  
3. Results and discussion 
The optical micrograph from the cross section of a pulsed plasma nitrided sample is shown in Fig. 1. It can be 
observed that the layer produced is a7 ȝm thick and fairly uniform in thickness. In order to characterize the different 
phases present in the alloy after the plasma and pulsed plasma processes, XRD patterns were recorded. Fig. 2 
presents the XRD spectra of the unnitrided, plasma and pulsed plasma nitrided samples. The XRD spectra of the 
unnitrided sample shows the (1 1 1), (2 0 0) and (2 2 0) peaks of the face cubic-centered (f.c.c) structure. The plasma 
and pulsed plasma nitrided samples show broader Ni (f.c.c) peaks and new peak corresponding to CrN phase. The 
broadening of Ni peaks is originated from the increasing in the lattice constant within the diffusion zone due to the 
dissolution of nitrogen in the matrix [2].  
 
 
 
Fig. 1. OM cross-sectional micrograph of the pulsed plasma nitrided sample. 
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Fig. 2. XRD patterns of the unnitrided and nitrided surfaces produced at 450 °C and 520 °C for 12 h. 
 
Fig. 3 depicts the result of surface microhardness distribution of Inconel 600 after plasma and pulsed plasma 
nitriding processes. The pulsed plasma nitrided sample exhibited higher hardness than the plasma nitrided sample. 
Due to the low solubility and diffusivity of nitrogen in Ni–Cr alloys [9], only a very slight increase in the hardness 
from the coating surfaces to the substrate was measured, and the decrease of the hardness on the case depth profiles 
of the plasma and pulsed plasma nitrided samples can be attributed to the reduction of nitrogen concentration in the 
diffusion zone. 
 
 
 
Fig. 3. Microhardness profile of various nitrided layers of Inconel 600 as a function of nitrided depth. 
 
The friction test results of the unnitrided and nitrided samples are given in Fig. 4. Although the average friction 
coefficient of the unnitrided sample was 1.1, it decreased to 0.98 and 0.96 after plasma and pulsed plasma nitriding 
processes, respectively. The friction coefficient of Inconel 600 after both nitriding processes was lower than the 
unnitrided sample. This could be attributed to the fact that nitride layer has very low friction coefficient [7] and the 
hard nitride layer produced on Inconel 600 yields to a lower contact area. In general, the magnitude of the friction 
coefficient is inversely proportional to the surface hardness of Inconel 600. 
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Fig. 4. Friction test results of the unnitrided and nitrided samples. 
 
Since surface hardness and wear are crucial surface characteristics of metallic components employed in high 
friction applications, a relationship between the surface hardness and wear rate is presented in Fig. 5. In spite of the 
improvement in the friction coefficient (Fig. 4) and wear rate (Fig. 5) during wear test, it was also found that all 
nitriding processes did not significantly affect the surface hardness. While the surface hardness value of the 
unnitrided sample was 160 HV0.025, this increased to 167 HV0.025 and 187 HV0.025 after plasma nitriding and pulsed 
plasma nitriding processes, respectively. The slight increase in the surface hardness was probably due to the 
formation of hard nitride layer phase by plasma and pulsed plasma nitriding processes (Fig. 2). When the results of 
the wear rate and surface hardness of the plasma and pulsed plasma nitrided samples given in Fig. 5 are concern, it 
is clear that the formation of nitride layer by pulsed plasma process at a higher nitriding temperature (520°C) instead 
of a nitride layer formed by plasma process at a lower nitriding temperature (450°C) greatly decreased wear rate and 
slightly increased surface hardness. The wear rate of the pulsed plasma nitrided sample is about 4 times smaller than 
that measured in the plasma nitrided sample. This behaviour is probably due to the inability of the traditional plasma 
nitriding process [2]. 
 
 
 
 
Fig. 5. Variation of the wear rate and surface hardness of the unnitrided and nitrided samples. 
 
The SEM images and 2D profiles of the wear tracks are shown in Fig. 6. The worn surface of the unnitrided alloy 
was characterized by broadly surface damage, which can be evidenced by the 2D profile image in Fig. 6. The worn 
surfaces of the plasma and pulsed plasma nitrided samples were still characterized by slightly surface damage in the 
center of the wear track, which is also in agreement with the 2D profile image. For the pulsed plasma nitride sample, 
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the average depth of wear track produced by Si3N4 ball was approximately 0.5 Pm, whereas the depth of the wear 
track of the plasma nitrided sample was measured as 2.0 Pm. The wear occurred in the plasma and pulsed plasma 
nitrided samples did not continue through the diffusion zone (Fig. 3 and Fig. 6). The nitriding processes clearly had 
a beneficial effect in reducing surface damage.  
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Fig.6. SEM images of the wear tracks together with corresponding surface profiles for the unnitrided and nitrided samples. 
4. Conclusions 
Upon the nitriding processes, the wear rate was lower as compared to the unnitrided sample and the pulsed 
plasma nitrided sample with the minimum wear rate of 1.4 x 10-5 mm3 N-1 m-1 exhibited the best wear-resistant 
properties, but the nitriding processes did not significantly affect the surface hardness which was 167 HV0.025 and 
187 HV0.025 for plasma and pulsed plasma nitrided samples, respectively.  
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